ﬁ?@“?ié%g

Jan. 3, 1967 J. DIMEFF 3,295,360

DYNAMIC SENSOR

Filed April 21, 1965

3 Sheets-Sheet 2

30, 34"~ ~35 3=,
7 \\
N
NN NN
32"\-«-\ N\ \\ N\ 7 //, = G'%v
==\ 177 ==/ e
\ STRNNEMEE 220 = T T s
\ N5 | | R4 1 9
\ 40\ NN /)7 g% h X
Q == NN /// e 4} 4
= Y
e 12 R
N
Nf 42 | — /IR
N NS /S ]
48 N \\ N \\ / // V :
N a7 ] QE
\ N \\ s /, % %
N . AN NN | {~ z h 4
N & N\ 7,7 m [ ~45
N TP\ A | il
44 NNEE 77 ;l /
N l NN\ /// | =4
E |l \\\ 2/ V1
- A %
b } i K/ i
!l . F
a6 | l
52 A\ " 4 51
\ .., N \ / B - @ ..f’/ﬁrf
. / He-<d
50 S <
Ti
70 N 7a 5N T®e2 TN i
DISPLACEMENT] \ S / DIFFERENTIAL |°
S — -t A:gff;:“e‘;" DETECTOR AMPLIFIER
1 ‘ /
_ f [ . / SERVO-
TRANSDUCER T2~ 60~ Bo‘—::@\m 6i A MOTOR
363 64~ | b.C. 2 J 7 8
68 b2 \ \ SOURCE 5; < {
62) PHASE ] i
SHIFT : -
\ A HET WEKE /55 jse | J inpicatorw
~
69 X > CLIPPER E;{j/
"L e » = Gﬂ
' ~ INVENTOR.
T 5 JCHN DIMEFF
g"_“"""‘—‘" C

ng‘m‘ v

ATTORNEYS




Jan. 3, 1967 J. DIMEFF 3,295,360

DYNAMIC SENSOR

Filed April 21, 1965 3 Sheets~Sheet 3

gAY S NS
e
CJ

, 1‘%%7/}7///'

10047 14 I\ 16’ -101 .
| AN {J = —10
12 INVENTOR.

JOHN DIMEFF

T = | BYEQM?:&

ATTORNEYS



United States Patent Office

3,295,360
Patented Jan, 3, 1867

i

3,295,360
DYNAMIC SENSOR
John Dimeft, San Jose, Calif., assignor to the United Stafes
of America as represented by the Administrator of the
National Aeronautics and Space - Admipistration
Filed Apr. 21, 1965, Ser. No. 449,902
18 Claims. (Ll 73—30)

This is a continuation-in-part of application Serial No.
231,046, filed October 16, 1962, now abandoned.

The invention described herein may be manufactured
and used by and for the United States of America for
governmental purposes without the payment of any royal-
ties thereon or therefor.

This invention relates to improved devices for the
transformation of physical forces into mechanical and
electrical responses for measuring the forces involved,
and, in particular, this invention relates to a device for
measuring the density of a gaseous environment, or,
under conditions where the composition and temperature
are known, a device which will measure the presence of
the gaseous environment.

In the practice and in the literature comprising the
prior art there have been described many different tech-
niques. for measuring the density and pressure of gases.
One general class of these instruments exposes a dia-
phragm to the action of the pressure of the gaseous atmos-
phere to be measured, for example, and measures the
deflection of this diaphragm by capacitive, inductive or
resistance displacement sensors. This general class of
instruments is adversely affected by the environment to
the extent that the damping variations caused by fluctua-
tions in density of the gas being measured and the com-

. pressibility and initial effects of the gas being measured
cause a variation in the dynamic response of the system.
This effect is normally most pronounced at frequencies
near the natural frequency of the diaphargm and any
related or coupled mechanical system., Consequently,
errors in phase or in amplitude arising from pressure
variations, as indicated by the transducer, are at a maxi-
mum at or near the natural frequency of the system.
A further limitation and characteristic of conventional
transducers of this class is that they have a limited ability

. to measure small, constant pressures because of the di-
mensional instability of the system., For example, in a
conventional capacitive-type . transducer the spacing be-
tween the vibrating diaphragm and the stationary refer-
ence plate may be fixed at five thousandths of an inch. In
order to measure forces which would cause a displace-
ment of the order of one micro-inch, the five thousandth
inch spacing would necessarily have to remain stable
within better than one part in five thousand. This stability
is difficult to achieve over a wide range of temperature,
and particularly difficult to maintain in the presence of
temperature gradients. Further limitations, which ap-
pear in this general class of instruments, are that they are
dependent on construction techniques, which require a
large gauge volume, and thereby are characterized by long
time lags at low pressures.

The present invention differs from the previously men-
tioned conventional transducer in that its sensitive ele-
ment is a vibrating member, preferably a thin, metallic
diaphragm or an elongated ribbon, maintained at a con-
stant vibrational amplitude under radial or axial tension,
respectively, which is preferably adjustable; and the gas
whose pressure is to be measured fills a small, relatively
enc.losed space on each side of the vibrating member.
This arrangement largely avoids the disadvantages of the
earlier types of gauges. Furthermore, the new and im-
proved transducer of this invention utilizes the effects
of the gaseous envitonment on the dynamic character-
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2
istics of the vibrating member to measure the density or
pressure of the environment itself.

The vibrating member, above referred to, and com-
prising the sensitive element of the transducer herein, is
driven at the resonant frequency of the system by induced
electrostatic forces applied between the vibrating mem-
ber and a stationary umit in close proximity to one side
of the vibrating member. As the pressure of the gas
sample in the spaces between the moving part and the
stationary parts is varied, the work done by the vibrating
member in overcoming the losses associated with the mo-
tion and compression of the gas also varies, and a vary-
ing driving energy is supplied, depending upon the pres-
sure or density of the surrounding gas. This driving
energy, required to keep the system oscillating at a fixed
amplitude, is measured and the energy is related as a
function of pressure or density to the pressure or density
of the gas in the sensing volume.

This mode of operation of this invention takes ad-
vantage of the resistance of the measured gas to be com-
pressed or expanded. Thus, by narrowly confining the
volume surrounding the sensitive vibrating member, that
member will cause the environmental gas to compress
and to expand during the time the vibrating member
makes its cyclical, dynamic excursions. Because of the
resistance of the gas to this compression and expansion,
the action of the gas is much the same as would be the
action of an additional spring, which would tend to resist
the motion of the vibrating member from its rest posi-
tion. That is to say, the gas tends to increase the effective
stiffness of the dynamic system. Since the gases in
proximity to the vibrating member must also be accel-
erated, they tend also to increase the effective mass of
the dynamic system.

With proper design the effect of one (or the other) of
these terms may be made greater than the effect of the
other. For example, when the increased stiffness of the
dynamic system is greater than the increase in the effective
mass, the increased stiffness will be more than great
enough to compensate for the additional mass introduced
by the environmental gas, and the natural frequency of
the system will be directly proportional to the pressure
of the environmental gas. If, on the other hand, the
increase in the effective mass of the environmental gas
in greater than the increase in the stiffness of the system,
the increase in mass will affect the system’s dynamics to
a greater extent than the increase in stiffness, and the
natural frequency of the dynamic system will be inversely
proportional to the pressure of the environmental gas.
In either event, in the preferred embodiments of this in-
vention, a measure of the gas pressure is obtained by
measuring the voltage required to drive the dynamic sys-
tem and relating this voltage to the characteristics of the
gas surrounding the diaphragm.

Other modes of operation of the present invention may
also be employed. For example, the change in frequency
of the dynamic system may be related to the pressure,
or the dynamic amplitude of the vibrating member may
be measured by a position sensor. In the latter case, a
relationship may then be derived between the constant
driving force, the variable amplitude of vibration and
the density of the environmental gas which is to be meas-
ured.

There is a prior art device for measuring gas pressure
which also involves a diaphragm that is continuously vi-
brated. The diaphragm is driven by a sinusoidal elec-
trically controlled driving force; the actual vibratory
motion of the diaphragm is detected, and the difference
in phase between the input energy for vibrating the dia-
phragm and the actual resultant vibration is measured to
indicate the pressure of gas adjacent the diaphragm.
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Such devices are relatively insensitive because the dif-
ference in phase between the input and the resultant out-
put is largely a function of a number of parameters of
the mechanical system and is affected in only a relatively
minor way by the gas pressure.

In addition, the sensitivity of the prior art device is
inherently low because the diaphragm must be vibrated at
a frequency other than its resonant frequency. As a re-
sult, relatively large forces are required to drive the dia-
phragm, and the small force differential exerted by change
in gas pressure causes a relatively insignificant change in
the difference between the phase of the driving force and
the phase of the actual vibration of the diaphragm. In
practice, the prior art device is operated by driving the
diaphragm. above resonant frequency. The reason the
prior art method of measuring phase shift between force
and displacement cannot operate at resonant frequency
is that when a system is vibrated at resonant frequency,
the phase shift between force and displacement is always
90°.

The present invention differs from the mentioned prior
vibrating-diaphragm system by measuring an effect other
than the difference in phase between the diaphragm driv-
ing force and the resultant diaphragm motion. In addi-
tion, the system of the present invention can, and for maxi-
mum sensitivity does, operate at resonant frequency.

Thus, the present invention provides a dynamic sensor,
or pressure measuring device, with an extremely large
number of obvious operational and stractural advantages
and improvements over prior art sensors, many of which
are delineated below, and which are set forth in separate
paragraphs for clarity.

The active volume of this invention is small, thereby
introducing a minimum time lag in the pressure measure-
ment.

The resonant frequency of the sensitive, mechanical
member can be made extremely high by increasing the
tension thereof, thereby making the device less sensitive
to the characteristic, low frequency vibrations of normal
environments.

The system easily lends itself to continuous, remote in-
dications of pressure.

The high stiffness characteristics of high frequency sys-
tems and the presence of the measured gas on both sides
of the sensitive vibrating member, which eliminates dam-
aging stresses caused by pressure differences, makes the
transducer less delicate.

Because of its relatively small size, the transducer may
be installed in almost any place where pressures are to be
measured, for example, upon a wind tunnel model, and
because of the diminutive size of this transducer, time lags
associated with connecting tubes are substantially reduced.

Because of the fact that the measured gas is present on
both sides of the membrane, no pressure differential exists,
and the transducer responds basically to absolute magni-
tudes of density or pressure of the gaseous environment
to be measured.

This invention provides for surrounding the sensitive
vibrating member on both sides with the medium to be
measured, resulting in uniform and identical heating con-
ditions being imposed on both sides thereof, consequently
reducing errors resulting from the tendency of the mem-
ber to buckle, and rendering the diaphragm insensitive to
the damaging effects of severe overload.

Additionally, because the resonating mechanical mem-
ber can be forced to move with minimum power through
displacement distances that are large in comparison with
the displacements normally encountered in dxaphragm—
type gauges, the stability of mechanical spacings within
the transducer cells need not be held to such close toler-
ance to obtain readings of pressure and density of very
small magnitudes.

Thus, the present invention is a decided advancement in
the art, and, while many of the mechanical and opera-
tional characteristics of the new transducer are extremely
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important, one of its most interesting practical features is
its ability to measure pressure over a wide range from ap-
proximately 105 to 103 millimeters of Hg. Furthermore,
several orders of magnitude can be added to the dynamic
range of the transducer by additional refinements.

Other advantages of this invention will become apparent
from the following detailed description and the accom-
panying drawings, showing two preferred embodiments
of the present invention.

FIGURE 1 is a simplified cross-section of one embodi-
ment of the transducer herein, with a simplified schematic
representation of the apparatus for sensing the dynamic
properties of the vibrating diaphragm therein;

FIGURE 2 is an enlarged cross-section of the trans-
ducer element of FIG. 1;

FIGURE 3 is a perspective view of the exterior of a
gauge of the type shown schematically in FIG. 1;

FIGURE 4 is a cross-section of the present invention
as taken in a plane through line 4—4 of FIGURE 3;

FIGURE 5 is a schematic representation showing the
transducer of FIGURE 3 and one embodiment of the
various electrical elements that may be used therewith;

FIGURE 6 is a graph wherein the force on the dia-
phragm driving element is plotted against the measured
pressure of two different gaseous environments;

-FIGURE 7 is a perspective view of the exterior of an-
other embodiment of the invention wherein the vibrating
member is a ribbon instead of a diaphragm,

FIGURE 8 is a cross-sectional view taken on the hnes
88 of FIGURE 7;

FIGURE 9 is an enlarged cross-sectional view taken on
the line 9—9 of FIGURE 7; and

FIGURE 10 is an enlarged view of the center portion
of FIGURE 9.

Referring now to FIGURES 1 and 2, it may be seen
that a sensitive diaphragm 16 is caused to oscillate be-
tween two limiting positions A and B by introducing
means to force the vibrating member to move periodically
from its rest position, preferably at the resonant frequency
of the system. In the process of moving dynamically from
the two extreme limiting positions A and B, representing
maximum vibrational amplitude, the diaphragm 10 strikes
molecules of the gas comprising the environment to be
measured. In turn these molecules are accelerated. The
acceleration of these molecules requires that they absorb
energy from the diaphragm, and the amount of energy
extracted by the gas and lost by the diaphragm is pro-
portional to the number of molecules colliding with the
diaphragm per unit time per unit area. The pressure cell
of the invention may be of any desired shape or geometri-
cal configuration and is shown as a housing assembly
having a hollow, cylindrical casing or tube 11, preferably
made of Kovar steel, closed at opposite ends by two simi-
lar, annular end discs 12 and 13, which are preferably -
made of an insulating material. For example, the discs
are preferably made of glass. The cylindrical tube 11 and
the end discs 12 and 13 define a hollow, cylindrical cavity
14, which is recessed along its perimeter, as shown, and
which is divided by a thin, flexible, circular membrane or
diaphragm 18. The diaphragm is driven at the resonant
frequency of the system by utilizing various techniques in
combining different arrangements of electrostatic, electro-
magnetic and mechanical driving apparatus. However,
for the purposes of illustration, without intending to limit
the scope of this invention, it should be understood that
the preferred method of driving diaphragm 16 is by in-
duced electrostatic forces applied between the diaphragm
10 and the stationary driving plate 15, which is in close
proximity io the diaphragm, as shown. When this is done,
the diaphragm’s vibrational frequency or the diaphragm
displacement will be measured by measuring the change
in capacitance between the diaphragm 1¢ and the station-
ary sensing plate 16, which is rigidly secured near the
other side of the diaphragm.
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The driving or forcing plate 15 is energized by a con-
stant D.C. voltage and by a variable or A.C. voltage for
driving the diaphragm 16, which is driven by capacitively
linking the diaphragm to the driving plate. Referring to
FIGURE 1, a source of D.C. current, for example a
battery 27, creates a minimum D.C. biasing potential be-
tween the driving plate and the diaphragm by connecting
one terminal of the battery 17 to the driving plate 15,
and the other terminal of the battery 17 to a potentiom-
eter 18. The other leg of potentiometer 18 is, in turn,
connected to the tube 1% through ground, as shown. To
induce the desired variable voltage upon the driving plate,
the outfput leads of a variable frequency oscillator 19 are
connected across the potentiometer 18, which is connected
through battery 27 to the driving plate i5.

Thus, the variable frequency oscillator 19 will impress
an A.C. voltage over the constant D.C. voltage. This
A.C. voltage is manually varied to drive the diaphragm
at a constant vibrational amplitude at preferably the
resonant frequency of the system, and the variance of the
voltage may be directly read at the A.C. frequency oscil-
lator to provide a reading of the density or pressure of the
gas within cavity 14,

Means are also provided for determining when the dia-
phragm 10 is vibrating at a constant vibrational ampli-
tude and at the natural frequency of the system. To
accomplish this, a second circuit is provided, wherein
the diaphragm 10 and the sensing disc 16 form the two
plates of .another capacitor which is connected to a dia-
phragm displacement indicator 28, as shown. This indi-
cator measures the diaphragm displacement by measuring
the capacitance between the diaphragm and the sensing
plate, and the displacement indicator 2@ provides a means
for determining when diaphragm amplitude is constant.
The outlets of the displacement indicator 28 are directly
connected to a frequency indicator 21, as shown. This
frequency indicator 21 acts as a tuner for determining
when the resonant frequency of the system is attained, and
allows selection of the resonant frequency for optimum
operation. This indicator 21 is also optionally used
whenever the change in resonant frequency is employed
as a measure of the pressure or density of the gaseous
environment, as will be described later.

Referring now to FIGURE 2, it will be seen that the
gas to be measured, indicated by the arrow 25, enters the
gas inlet 26, which is connected through the T-joint 27
to channels 28 and 29. Molecules of the gas randomly
enter either channel and are evenly distributed on both
sides of the diaphragm. The forcing plate 15 drives the
diaphragm at a constant vibrational amplitude and the
changes in driving voltage are related to the pressure or
density of the gas in chamber 14. As mentioned above,
the forcing plate 15 is impressed with a voltage containing
a term, which is independent of time and a term which
varies as a function of time. For example, under one

set of operating circumstances, the total voltage V, is

glven a value, V=V, -V, sin (wt) where:

V is the total voltage applied to the forcing plate 15,

V, is the constant, biasing voltage applied to the forcing
plate 15 by the source of direct current 17, and

Vy sin (wt) is the time varying force, of frequency w,
applied to the forcing plate by the variable frequency
oscillator 19.

Since the forcing plate and the diaphragm closely ap-
proximate a parallel plate condenser, the total driving
force F is proportional to the square of the voltage appear-
ing at the forcing plate 15. Therefore, this force con-
tains a term which is constant, a term which contains the
product of the constant voltage and the time varying
voltage, and a term which contains the square of the time
varying voltage. By properly choosing the dimensional
characteristics of the diaphragm and forcing plate, all
but the second of these terms may be disregarded. Thus,
as attention is turned to the second term, it is obvious
that the magnitude of the force applied to the diaphragm
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varies periodically with the impressed varying voltage,
and that this magnitude is proportional to the product
of the magnitudes of the steady term and the time varying
term. By controlling either or both of these terms, the
amplitude of vibration of the diaphragm is controiled.
In other words, the magnitude of the product of the D.C.
bias voltage and the A.C. drive voltage required for a
given amplitude is directly proportional to the power
required to overcome the damping in the transducer.
With a fixed D.C. bias voltage and a fixed amplitude of
vibration, the A.C. voltage is used directly as a measure
of the power absorbed by the gas. The range of the
transducer is varied by changing the D.C. bias voltage
level as well as by changing the diaphragm displacement
amplitude. Calibration results are conveniently expressed
in terms of the product of the two voltage components,
divided by the diaphragm amplitude. Automatic opera-
tion may also be provided as will hereinafter be discussed.

In the case where the constant voltage is zero, the force
appearing on the diaphragm 18 results only from the
square of the time varying voltage appearing on the
forcing plate 15. Therefore, the force appearing on the
plate 15 contains a steady term and a term which varies
in magnitude at twice the rate of the variation in the
magnitude of the imposed voltage. 1In this case, the fre-
quency of the voltage variation impressed on the plate 15
is varied at ome half of the resonant frequency of the
mechanical system. This voltage also could be varied to
control the amplitude of vibration of the mechanical
system.

On the other hand, a variable voltage may be impressed
simultaneously on both stationary plates 15 and 16. This
voitage is caused to vary at a freequency twice that of the
diaphragm displacement. While the forces introduced by
the two plates tend to be opposife in direction, the dia-
phragm approaches each plate periodically, thus causing
the force exhibited by that closer plate to exceed the
counteracting force due to the more distant plate.

Any of these control voltages may vary to maintain a
constant displacement amplitude of the vibrating dia-
phragm 16, under varying pressure or density conditions;
and, by maintaining a constant amplitude of vibration,
gas pressures or densities are reflected by the change in
voltage required to drive the diaphragm.

As described above, the preferred method of measuring
the pressures or densities of the gaseous environment is
to drive the vibrating diaphragm at a constant vibrational
amplitude at the resonant frequency of the system, and
use the driving voltage as a measure of the pressure by
relating this to the various parameters involved. How-
ever, other methods of operation are available. For ex-
ample, the control voltage may be varied to maintain a
constant displacement amplitude, as above, and pressure
measurements over a lesser, but moderate range made
with the transducer utilizing the variation in frequency
with pressure. For example, referring again to FIGURE
1, wherein the frequency indicator 21 operated as a tuning
device for determining when diaphragm 10 was at its
resonant frequency, it can be seen that, by making various
minor adjustments, the frequency indicator 21 is used
as a measure of the pressure by relating a change in fre-
quency of the system at a constant vnbratxonal amplitude
to the pressure of the surrounding gas.

It may also be noted that the vibrating diaphragm trans—
ducer covers an extremely large range of pressures, which
heretofore required the employment of a number of gauges
to cover the same range. Thus, the advantages of the

" present invention are manifest. This invention is relatively

70

75

rugged; cannot be damaged by excessive pressure; has a
wide measuring range; measures pressure without requir-
ing a vacuum or other pressure differential reference; is
small enough in active volume to provide fast time re-
sponse at low pressures; and lends itself readily to auto-
matic operation,
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Furthermore, this invention will lend itself to several
interesting applications in various degrees. For example,
damping introduced by the motion of the diaphragm
through a magnetic field and the resulting effects of eddy
currents may be measured by a suitable change in the tech-
niques and materials of construction. - In this case, the
characteristics of the vibrating diaphragm 1@ are modi-
fied by magnetic or electrostatic fields. The motion of the
diaphragm through a magnetic field produces damping
forces which are measured in the manner described
above, and the magnitude of these forces is related to the
properties of the magnetic or electrostatic fields, for meas-
uring the same. Another example is an evacuated trans-
ducer driven by a sinusoidal voltage at the diaphragm
resonant frequency used to measure the voltage developed
by a small current, such as that produced by an ion cham-
ber. Here the ionic fluid is directly accelerated by the
action of an electric or maguetic field and the force im-
parted to the vibrating diaphragm 16 by the accelerated
ionic fluid is used to measure the properties of that fluid.
Thus, ionic sources may be measured or gaseous fluids
may be tonized and later accelerated by the action of an
electric or magnetic field. The momentum transfer of the
ions to the vibrating diaphragm 18 is then related to the
density or pressure of the ionized fluid. Estimates based
on preliminary results indicate sensitivities somewhat
greater than 1018 amperes can be obtained with time
constants Jess than a hundred seconds, and probably less
than ten seconds. Pressure measurements over a moderate
range may also be made with the transducer utilizing the
variation in frequency with pressure. For example, an
extremely small (.28 inch) diametered transducer is used
to perform adequately over a very wide range, and, be-
cause of the high frequency of the small vibrating dia-
phragm contained therein, pressure may be measured in-
dependently of the medinm with the proper choice of spac-
ing. Other obvious variations in the geometry and the
drive mechanism employing the dynamic principles dis-
closed herein will allow other new and intriguing applica-
tions. .

Referring to FIGURE 3, there may be seen a more de-
tailed, three dimensional view of one embodiment of the
present invention, the drawings of which may be considered
to approximate the actual size of one working model of
the transducer herein. In FIGURE 4, there is shown a
transducer defined by two hollow, cylindrical casings or
tubes 3% and 31, each being respectively sealed at one end
by two round discs 32 and 33. These components are
preferably made of Kovar steel, welded or soldered to-
gether. The open ends of each tube are provided with a
groove 34 and 35 along the inside and outside circum-
ference of the tubes 30 and 31, respectively, for tightly
fitting the casings axially together and for holding the an-
nular, vibrating diaphragm 36 radially suspended by the
seam created by such a fitting, as shown. This seam is
secured by any suitable attaching means.- For example,
clamps, set screws, soldering or welding may be employed.
But it is to be noted that welding the seam is the preferable
since a sturdy air tight seam, unaffected by temperature
changes will be thereby provided. Thus, the diaphragm
36 is rigidly and radially suspended, and is free to vibrate
along its central axis. Vibration of the diaphragm 36 is
at the resonant frequency of the system, including the sur-
rounding gaseous environment, and this vibration is main-
tained by the driving voltage impressed upon the driving
plate 38, which is rigidly embedded into an insulating, sup-
porting mass 4@, preferably made of glass. The driving
plate 38 is connected to the voltage source, not shown,
through a small lead wire 42 and an electrical connector
44, which is insulated from the housing tube 36 by any
suitable insulation 46, as shown in FIGURE 4. Metal
cup 48, attached to connector 44, provides additional
shielding for lead 42 and may be omitted if desired.

Once the diaphragm is vibrating at a constant ampli-
tude, the pressure of the surrounding gas is measured by
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attaining a constant diaphragm amplitude. The voliage
of the driving plate 38 is varied, as described above, and
this variance in voltage is related to the property to be -
measured.

Any change in amplitude or any change in frequency of
the diaphragm 36 will be detected by appropriate signals
relayed to the displagement and frequency indicators, as
hereinbefore described. For this purpose, a sensing plate
39 is placed near the other side of diaphragm 36 and is
similarly embedded in an insulating mass 41, which is
also preferably made of imsulating glass. The sensing
plate 3% transmits electrical signals, for example, by meas-
uring the rate of change of capacitance, to the appropri-
ate indicators, through a small lead wire 43 and a second
electrical connector 45, which is insulated from casing 3%
by any suitable insulating material (not shown). These
signals are received by a diaphragm displacement indicator
and a frequency indicator, which aid in fixing the dynamic
properties of the vibrating diaphragm. These dynamic
properties are then employed as parameters with the time
varying, driving voltage to determine the density or pres-
sure of the gascous medium to be measured, which may
be air.

Thus, when air is passed through an inlet 58, it will
enter both sides of the diaphragm through “Y” shaped
connecting tubes 51 and 52. The voltage impressed upon
the forcing plate vibrates the diaphragm at a constant am-
plitude, and, by relating the amount of voltage required
to drive the vibrating diaphragm at this constant ampli-
tude, the pressure or density of the gas is directly meas-
ured.

The voltage of the driving disc 38 may be manually
adjusted, however, automatic operation is preferable, and
one preferred embodiment providing automation of this
system is illustrated in FIGURE 5. FIGURE § shows
a block diagram representing electrical equipment de-
signed to give a rapid, remote dial indication of pressure
over an expanded pressure range. In this arrangement,
the displacement of the diaphragm causes a capacitive
change across the capacitor formed by the moving dia-
phragm and the sensing plate, which in turn causes a
change in voltage in the circuit of the displacement sens-
ing amplifier. This change in voltage is amplified, shifted
in phase, and returned to the driving plate of the trans-
ducer in such a manner as to cause oscillation of the dia-
phragm at the resonant frequency of the system. For
this purpose, a source 60 of D.C. current is connected
through the D.C. potentiometer 61 and the resistors 62 or
63 to the driving and sensing plates, respectively, to pro-
vide the required minimum D.C. biasing potential. The
driving A.C. voltage is supplied from the phase shift net-
work 64 and is transmitted through a clipper 65, a clip-
per potentiometer 66 and a capacitor 67 to the driving
and sensing plates. The lead 68 to the driving plate is
relatively non-resistive and offers a low impedance to
current flow, permitting a relatively strong signal at the
driving plate. On the other hand, the lead 6% to the
sensing plate is highly resistive, having resistors 62 and
63 therein, Thus, by using a high frequency oscillating
A.C. voltage, very little A.C. current is impressed on the
sensing plate, so that a relatively pure, undistorted A.C.
voltage is applied to the driving plate. Changes in volt-
age between the diaphragm and sensing plate, which are
caused by the diaphragm displacement, are electrically
transmitted across capacitor 7@ to a displacement sensing
amplifier 71. Once amplified, this signal travels through
lead 72 to the phase shifting network 64 and the clipper
system 65 for synchronization and feed-back through the
variable clipper potentiometer 66, and the capacitor 67,
to the driving and sensing plates. This will cause con-
tinuous, automatic and constant oscillation of the dia-
phragm at the system's resonant frequency, as described
above.

The output voltage of the displacement sensing ampli-
fier 71 is also rectified and compared by a differential am-
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plifier to the D.C. source, which is used as a reference
voltage. Accordingly, this output voltage is transmitted
through lead 74, a detector 75, and the detector output
lead 76 to the differential amplifier 77, the leads of which
are connected to a servomotor 78, as shown. As well as
providing the minimum D.C. biasing voltage at each plate,
the direct current biasing voltage is also maintained for
comparison to the voltage received by the differential
amplifier 77. To accomplish this, the output leads of
the D.C. voltage source 6§ are connected across the D.C.
potentiometer 61, leading to the sensing and driving
plates, as described above; and this D.C. reference volt-
age is also fed into the differential amplifier through re-
sistors 88 and 81 and lead 92, as shown in FIGURE 5.

The D:C. reference potentiometer 641 and the clipper -

potentiometer 686, together with the input of an indicator
dial 84, are mechanically connected to the output of the
servomotor 78, as indicated by the phantom lines in
FIGURE 5. The change in amplitude of the vibrating
diaphiagm causes a difference in voltage fo appear at the
input of the differential amplifier 77, which causes the
associated servomotor 78 fo rotate the two potentiometers
&I and §§ for reducing or increasing the bias voltage ap-
plied to both the driving and sensing sides of the trans-
ducer and the oscillating voltage applied to the driving
side. Thus, these voltages are controlled to maintain
the rectified displacement voltage equal to the reference
voltage, so that indicator 84 reads the pressure or density
directly.

Reduction of the bias voltage applied to the sensing
plate necessitates an increase in displacement amplitude,
so that the displacement signal equals the reference volt-
age. Thus, the system produces a greater diaphragm
amplitude when lower pressures are measured and pro-
duces a smaller diaphragm amplitude when measuring
greater pressures. Since the electrostatic driving power
applied to the diaphragm is proportional to the product
of the magnitudes of the constant bias voltage times the
variable or oscillating voltage, and since the input voltage
to the displacement sensing amplifier calls for displace-
ment inversely proportional to the bias voltage, the rota-
tion of servomotor 78 is approximately proportional to
the cube root of the pressure. This cube root relationship
between the motion of servomotor 78 and the pressure
within the transducer provides an extremely wide opera-
tional range for the pressure indicator 84.

In FIGURE 6 there is shown a graph wherein the prod-
uct of the voltage components divided by the measured
amplitude is plotted as a function of pressure in milli~
meters of mercury for one particular pressure transducer.
The solid line represents the pressure reading taken in
an atmosphere of helium, and the dotted lines represeats
the value of pressures measured in an atmosphere of air.
It is to be noted that in actual practice the measured pres-
sure coincided with theory exceedingly well. The trans-
ducer was also cvalibrated with argon, and the results were
very similar to those presented for air, except that argon
required approximately 10% less power than air over
most of the range shown. FIGURE 6 shows the plotted
results taken at approximately 70° F.. One transducer,
however, was also calibrated in air in the pressure range
from 103 to 100 millimeters mercury at 135° F. and the
results did not deviate significantly from the curve plotted
for air. The transducer herein has also been operated ad-
jacent to a very intense magnetic field without any ap-
preciable reading errors being introduced by the effects
of the magnetic environment,

It should be noted than transducers may be constructed
to allow for performance as a function of several other
parameters in addition to those mentioned above, For
example, the invention may be constructed with gas inlets
at the center of the stationary plates, and the size of the

air inlet orifices may be decreased or even porous plugs.
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10

25

30

35

40

45

50

55

60

85

70

of this invention have been constructed, and it was ¢x- 75

i¢

&
pected that these modifications would have altered the
boundary conditions considerably. However, the meas-
ured performance of these transducers was not signgﬁcantly
changed. In addition, another embodiment of this trans-
ducer was constructed with the stationary plates cun{ed
so that the pressure gradient with respect to the rad-ms
and hence the viscous loss due to the radial flow was mini-
mized. In measuring the effect of this modification, it
was noticed that the driving power required to operate
the transducer was only one fourth of ihe driving point
for a standard transducer.

In the type of transducer shown and discussed thus far,
the vibrating member is in the form of a diaphragm held
stationary around its entire petiphery. A modified em-
bodiment will now be described in which the vibrating
member is held stationary along only a relatively small
portion of its periphery. More specifically, the vibrating
member of the modified embodiment is preferably a strip
or ribbon-shaped piece of metal held stationary only at its
ends.

Reference will now be made to FIGURES 7-10 where-
in primed reference numbers will be used to designate
parts which are similar to parts shown in FIGURES 1
and 2. -The embodiment of FIGURES 7-10 comprises
a sensing element 1§” which is in the form of a long strip
or ribbon preferably of metal. The ribbon ¢’ is mounted
in a casing 11’ which forms a cavity or chamber 4’ in
which the ribbon is mounted for vibration between two
extreme positions represented by the dash lines A’ and
B’ in FIGURE 10. As in the embodiment of FIGURE 1,
the sensing element in the embodiment of FIGURE 7 is
vibrated by electrostatic forces applied between the rib-
bon I0’ and a stationary metal driving plate 15". Also
as in the case of FIGURE 1, the motion of ribbon 18’ of
the embodiment of FIGURE 7 is measured by measuring
the capacitance between the ribbon and a stationary metal
sensing plate 16”. The metal plates 15" and 16" are held
in place by insulating disks 13" and 12’, respectively.

In more detail, the casing 11’ of the embodiment of
FIGURES 7-10 comprises a top plate 96 and a bottom
plate 91. Both of the plates are preferably made of
metal, such as Kovar. The top plate is provided with a
groove 92 along the length of its lower surface. Sim-
jlarly, the bottom plate 91 is provided with a groove 93
along the length of its upper surface. When the plates
%0 and 91 are placed together the grooves 92 and 93
cooperate to form the chamber 14’. Each of the grooves
is preferably tapering in depth from deep at its center
to shallow at its ends. The specific shape of the taper is
selected so that the top and bottom of chamber 14" will
be substantially similar in shape to the curve of the ribbon
10’ at the extremes of its vibratory displacement. It will
be understood that the ribbon 10’ is never vibrated strenu-
g:sly enough to strike the top and bottom walls of cham-

r 14,

The plates are held in assembled relation to each other
in any suitable manner. For example, a plurality of
spring clamps 96 serves very well. The ends of the clamps
snap into place into shallow grooves 97. In order to
allow the chamber 14’ to be comnected throughout its
length to the surrounding gas to be tested, the top and
bottom plates are held slightly separated to provide a
continuous communication channel or spacing 98 on each
side of the chamber 14’. The spacing between the top
and bottom plates is made very small so that chamber 14’
is actually a relatively closed chamber as in the case of
chamber 14 in the embodiment of FIGURE 1. Any
suitable means can be used to obtain the desired spacing
between plates 99 and 91. One particularly satisfactory
arrangement is to employ a piurality of spheres 9% re-
ceived in cone-shaped recesses 188 and linear V-grooves
i031. The spheres are oversized for the recesses by the
amount desired for spacing 98. The spheres are prefer-
ably made of sapphire or other dielectric to insulate the
top and bottom plates from each other.
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The ribbon 16" is supported in the chamber 14" by
means of a post 163 and bar 104 at each end of the casing
1%’. The ribbon 1§’ can be spot welded to the bars 104
which are of course aftached to the posts. The posts 103
are mounted on the bottom plate 91 and are held securely
in place by dielectric disks 105 so that the nbbon 19" will
be insulated from the plates 98 and 91.

The embodiment of FIGURES 7-10 is operated in
exactly the same way as the embodiment of FIGURE 1.
Thus, the line from the right side of battery 17 in FIG-
URE 1 would be connected to the driving plate 15; the
ground line from the other side of the battery 17 and
from the potentiometer- 18 and variable frequency oscil-

10

lator 1% would be connected to the ribbon 16’ by con- .

nection to one of the posts 163; and the sensing plate 16’
would be connected to the displacement indicator 20.
Similarly, if the embodiment of FIGURE 7 is used in the
automatic circuit of FIGURE 5, the sensing plate 16' is
connected to the displacement sensing amplifier 71 through
the capacitor 70; the ribbon 19’ is connected to the dis-
placement sensing amplifier 71 through the ground line
shown in FIGURE 5; and the driving plate 15” is con-

nected to the line 68 in FIGURE 5. The method of using -

the embodiment of FIGURES 7-10 is exactly the same
as hereinbefore described for the embodiments of FIG-
URES 144, including the circuit arrangements of FIG-
URES 1 and 5 and the various alternative methods of
measuring.

One important aspect of the invention which applies
to both the embodiment of FIGURES 1-4 and the em-
bodiment of FIGURES 7-10 is that the sensing members
10 and 10’ operate on a relatively small, substantially
confined volume of gas. In this way the moving sensing
member does substantial work on the gas being tested.
In other words, when the sensing members 18 and 10’
move in one direction they compress the gas on one side
and expand the gas on the other side so that appreciable
energy is transferred to the gas and dissipated by heat
transfer. Thus, the energy loss caused by the presence
of the gas under test becomes a large part of the total
energy required to vibrate the sensing member. As a
result, the transducer is extremely sensitive to change in
the pressure of the gas under test. The described arrange-
ment is to be contrasted to an arrangement wherein the
sensing element would be exposed to a relatively large
volume of gas. In the latter case, movement of the
sensing element would cause no appreciable percentage
change in the volume of the gas and relatively little
energy would be dissipated in the gas. If the vibrating
member were exposed to a large volume of gas, the ther-
mal energy-transfer process would be related to the effects
of a radiated compressional wave rather than to appre-
ciable expansion and contraction of the total gas volume.

Thus in the embodiment of FIGURES 1-4, the sensing
element 10 is sealed around its entire periphery so that
gas cannot flow across it from one side to the other, and
in addition the size of the chamber on each side of the
diaphragm 10 is made relatively small. In the embodi-
ment of FIGURES 7-10 the sides of the ribbon 10" are
close to the adjacent sides of the chamber 14’ so that gas
cannot pass freely across the ribbon. Some gas will, of
course, flow around the edges of the ribbon, but it will be
a high velocity flow which will involve substantial heat
In addition the gas on each side of the ribbon will
be substantially compressed and expanded because the
flow around the edges of the ribbon is highly restricted.
By way of example, an actual transducer made according
to the embodiment of FIGURES 7-10 has a chamber 14’
with a maximum size; that is, at the center position (FIG-
URE 10) of .162 inch deep from top 92 to bottom 93
and .104 inch wide. The width is of course constant
throughout the length of the chamber. The communica-
tion channels 98 are .002 inch deep, and the space be-
tween each side of the ribbon and the adjacent wall of
chamber 14’ is .002 inch. Thus, it will be seen that the

15

20

25

30

35

40

50

55

60

75

i2
ribbon forms a substantial separation of the chamber into
two parts. The ribbon embodiment is desirable because
it can be made to vibrate with relatively little energy
devoted to the ribbon itself. Thus the sensitivity is high,
because the total emergy requirement is largely a matter
of the amount of energy required by the gas being tested.

It should be understood that this invention in its
broader aspects is not limited to the specific examples
iltustrated and described herein, and the following claims
are intended to cover all changes and modifications that
do not depart from the true spirit and scope of this inven-
tion. '

What is claimed is:

1. A device for measuring gaseous environments com-
prising:

(a) a structure defining a hollow cavity, and having
passage means through which a gaseous environment
may enter all parts of the cavity,

{b) a flexible, vibratory member contained within the
cavity, with the gaseous environment being present
on all sides of said vibratory member,

(c) means for driving said vibratory member at reso-
nance and at a constant amplitude, whereby said
vibratory member cyclically compresses the gaseous
environment present on both sides of said vibratory
member,

(d) driving force detecting means for measuring the
force Tequired to vibrate said vibratory member,
and

(e) means for detecting the displacement of said vibra-
tory member.

2. A measuring device as claimed in claim 1 wherein
said vibratory member is a diaphragm supported around
its entire periphery.

3. A measuring device as claimed in claim 1 wherein
said vibratory member is a nbbon supported only adjacent
its ends.

4. A device for measuring gaseous invironments com-
prising:

{a) a housing assembly defining a cavity and having
inlet means for introducing into all parts of said
cavity a gaseous atmosphere to be measured,

(b) a flexible diaphragm peripherally suspended from
said housing assembly and contained within said
cavity and having both sides thereof exposed to the
gaseous atmosphere,

(c) force inducing mears for vibrationally driving said

diaphragm,

(d) sensing means for sensing the dynamic vibrational
properties of said diaphragm, whereby the diaphragm
displacement is measured and maintained at a par-
ticular, constant, vibrational ampiitude and fre-
quency,

(e) detecting means for measuring the frequency of
said vibrating diaphragm, whereby the resonant fre-
quency of the system may be detected for optimum
operation, and

(f) force detecting means for measuring the force re-
quired to drive said diaphragm.

5. A device for measuring gaseous environments com-

prising:

(a) a structure defining a hollow cavity,

(b) vibratory member suspended within said cavity
and forming a substantial separation of said cavity
into two parts,

(c) inlet means for introducing the gaseous environ-
ment into said cavity and on both sides of said vi-
bratory member,

(d) driving means for forcibly driving said vibratory
member,

(e) energy detecting means coupled to said driving
means for detecting the amount of energy required
to drive said vibratory member,

(f) amplitude detecting means for determining the
vibrational amplitude of said vibratory member, and
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(g) means coupled to said amplitude detecting means
and said driving means for automatically maintaining
the oscillation of said vibratory member at a con-
stant amplitude and at the resonant frequency of
the system.

6. Apparatus for measuring gaseous environments com-

prising:

(a) a vibratory member,

(b) a housing assembly supporting said vibratory mem-
ber within a confined cavity defined by said housing
‘assembly, and said housing assembly having passage
means for admitting samples of a gas to be measured
into the cavity on both sides of said vibratory mem-
ber,

(c) an electrostatic driving plate for driving said vi-
bratory member and dlsposed in close proximity
thereto,

(d) asource of direct current connecting said vibratory
member and said driving plate for inducing a con-
stant electrostatic potential difference between said
vibratory member and said driving plate,

(e) a variable frequency, variable-amplitude A.C. volt-
age source, connecting said vibratory member and
said driving plate for inducing a variable potential
difference between said vibratory member and said
driving plate, for vibrationally driving said member
at a fixed, oscillatory amplitude,

(f) voltage detecting means for detecting the amph—
tude of said A.C. voltage required to drive said vibra~
tory member and the related system,

(g) a sensing plate in close proximity to said dia-
phragm,

(h) frequency detecting means connected to said sens-
ing plate for measuring the frequency of said vibra-
tory member,

(i) dxsplacement detecting means connected to said
sensing plate for measuring the amplitude of displace-
ment of said vibratory member, and

(3) said A.C. voltage source being adjusted so that
said vibratory member oscillates at a controlled and
known amplitude and at the resonating frequéncy
of the system.

7. Apparatus for measuring gaseous environments com-

prising:

(a) a vibratory member,

(b) a housing assembly supporting said vibratory mem-
ber within a confined cavity defined by said housing
assembly,

(c) said assembly having air inlet means for introduc-
ing gas to be measured into the cavity on both sides
of said vibratory member,

(d) a driving plate in close proximity to said vibratory
member, _

(e) driving means for driving said vibratory member
at resonance and at a constant vibrational amplitude,
said driving means having means for applying a con-
stant D.C. potential and means for applying a time
varying potential between said driving plate and said
vibratory member,

(f) asensing plate in proximity of said vibratory mem-
ber for measuring the displacement of said vibratory
member, and

(g) voltage detecting means for measuring the driving
voltage required to drive said vibratory member at
a constant, vibrational amplitude.

8. Measurmg apparatus as claimed in claim 7, addl-

tionally comprising:

(a) sensing means connected to said sensing plate for
producmg a voltage, electrostatically established, at
said sensing plate,

(b) a phase shift network connected between said sens-
ing means and said driving plate for feeding signals
back into said driving plate propomonal to the varia-
tions in voltage at said sensing plate,

(c) a direct voltage source biasing said driving and
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sensing plates relative to said oscillating member with
said D.C. source serving as a reference voltage,

(d) means for comparing the output of said sensing
means with said direct voltage source serving as a
reference voltage to produce a difference voltage,

(e) means responsive to said difference voltage for
varying the bias voltage applied to said driving and
sensing plates for maintaining a constant amplitude
of motion of said oscillating diaphragm, and

(f) indicating means operated by said difference volt-
age for indicating variations in density about said
vibratory diaphragm.

9. Apparatus for measuring gaseous environments com-

prising:

(a) a three-element capacitor having a thin, vibratory
member mounted between a fixed driving plate and a
fixed sensing plate with connections for admitting
gas on both sides of said vibratory member,

(b) sensing means connected to said sensing plate for
producing a voltage proportional to the vibratory
displacement of said vibratory member,

(c) driving means connected between said driving plate
and said vibratory member for electrostatically vi-
brating said vibratory member,

(d) a phase shift network connected between said
sensing means and driving plate for feeding signals
back to the driving plate and providing oscillation of
the vibratory member at the resonant frequency of
the sytsem,

(e) a direct current voltage source for biasing said
driving and sensing plates relative to said vibratory
member and for serving as a reference voltage,

(f) means comparing the output of said sensing means
with said reference voltage source to produce a dif-
ference voltage,

(g) means responsive to said difference voltage for
varying the bias voltage applied to said capacitory
elements for maintaining a constant amplitude of
motion of said vibratory member, and

(h) indicating means operated by said difference volt-
age for indicating variations in gas pressure about
said vibratory member.

10. Apparatus for measuring gaseous environments

comprising:

(a) a housing assembly defining a cavity and having
inlet means for introducing into all parts of said
cavity a gas to be measured,

(b) a flexible vibratory member suspended from said
housing assembly and contained within said cavity
and having both sides thereof exposed to said gaseous
environment,

(c) driving means in close proximity to one side of
said vibratory member,

(d) force inducing means for inducing a driving force
upon said driving means for vibrationaily driving
said vibratory member and causing oscillation there-
of at a constant amplitude,

(e) sensing means in close proxxmlty to the other side
of said vibratory member for sensing the oscillatory
displacements of said vibratory member,

(f) means connected between said sensing means and
said driving means for oscillating said vibratory mem-
ber at the resonant frequency of the system, and

(g) means for measuring the magnitude of said driv-
ing force.

11. A device for measuring gaseous environments com-

prising:

(a) a structure defining an elongated cavity,

(b) a ribbon supported under tension in said cavity with
the sides of said ribbon closely adjacent the walls of
said cavity,

(c) said structure having passage means for introducing
said gaseous environment into said cavity,

(d) means for oscillating said ribbon at a constant am-
plitude and at resonance,
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(¢) means for measuring the displacement of said rib-
bon, and

(f) means for detecting the driving force required to
oscillate said ribbon at a constant amplitude.

12. A device as claimed in claim 11 in which said cavity
tapers in cross-section from small adjacent ithe ends of
said ribbon to larger adjacent the center of the ribbon.

%3. A device as claimed in claim 11 in which said pas-
sage means are located in said structure along each side
edge of said ribbon.

24. A device for measuring gaseous environments com-
prising:

(a) a structure defining a hollow cavity, and having
passage means through which a gaseous environment
may enter all parts of the cavity,

(b) a flexible, vibratory member container within the
cavity, with the gaseous environment being present
on all sides of said vibratory member,

(c) means for driving said vibratory member at reso-
nance and at a constant amplitude, whereby said

vibratory member cyclically compresses the gaseous.

environnient present on both sides of said vibratory
member,

(d) means for measuring the amplitude of vibration of
said vibratory member, and

{e) means for measuring the magnitude of the vibratory
member driving force.

25. A device for measuring gaseous environment com-

prising:
(a) a casing structure having a top plate and a bottom
plate,

(b) said top plate having an elongated groove on its
lower surface and said bottom plate’ having an
elongated groove on its upper surface, said grooves
cooperating to form a cavity when said plates are
placed together,

{c) spacing means separating said top and bottom
plates to form passage means to the cavity formed by
said grooves,

{d) a ribbon positioned in said cavity and held under
tension at its ends,

(e) means for oscillating said ribbon at a constant am-
plitude and at resonance,

(f) means for measuring the displacement of said rib-
bon, and

(g) means for detecting the dnvmg force required to
oscillate said ribbon at a constant amplitude.

16. A device for measuring gaseous environments com-

prising:

(a) a structure defining a hollow cavity, and havmg
passage means through which a gaseous environ-
ment may enter all parts of the cavity,

{b) a flexible, vibratory member contained within the
cavity, with the gaseous environment being present
on all sides of said vibratory member,

(c) means for dynamically driving said vibratory mem-
ber at resonance and at a constant amplitude, where-
by said vibrating member cyclically compresses the
gaseous environment present on both sides of said
vibrating member, and ~
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(d) means for measuring the energy required to over-
come the energy dissipated due to the viscous forces
acting on the vibratory member, said energy being
proportional to the pressure of the gaseous environ-
ment.

17. A device for measuring gaseous environmeni com-

prising:

(a) a casing structure having a top plate and a bottom
plate,

B ,(b) said top plate having an elongated groove om its

v lower surface and said bottom plate having an clon-

Higated groove on its upper surface, said grooves co-
operating to form a cavity when said plates are
placed together,

{c) spacing means separating said top and bottom
plates to form passage means to the cavity formed by
said grooves,

(d) a ribbon positioned in said cavity and held under
tension at its ends,

(e) means for vibrating said ribbon at resonance and
at a constant amplitude whereby said ribbon cycli-
cally compresses the gascous environment present on
both sides of said ribbon, and

(f) means for measuring the energy required to over-
come the energy dissipated due to the viscous forces
acting on the ribbon, said energy being proportional
to the pressure of the gaseous environment.

8. A device for measuring gaseous environments com-

prising:

(a) a housing assembly provided with passage means
for allowing a gaseous atmosphere to enter a caivty
defined by said housing assembly,

(b) a flexible vibratory member suspended within the
cavity defined by said housing assembly and forming
a substantial separation of said cavity into two por-
tions,

{c) driving means for oscillating said vibratory mem-
ber at the resonant frequency of the system,

{d) means for detecting the amplitude of oscillation of
said vibratory member,

(e) automatic means for maintaining the osciliation of
the vibratory member at constant amplitude ‘and at
the resonant frequency of the system, and

(f) driving force detecting means for detecting the driv-

- ing force required to drive said vibratory member at
said constant amplitude and resonant frequency.
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